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Abstract
We discuss an experiment to investigate neutrino physics at the LHC in Run 3, with empha-
sis on tau flavour. As described in our previous paper [1], the detector can be installed in the
decommissioned TI18 tunnel, ≈480 m downstream the ATLAS cavern, after the first bending
dipoles of the LHC arc. In that location, the prolongation of the beam Line-of-Sight from In-
teraction Point IP1 to TI18 traverses about 100 m of rock. The detector intercepts the intense
neutrino flux, generated by the LHC beams colliding in IP1, at large pseudorapidity η, where
neutrino energies can exceed a TeV.
This paper focuses on optimizing global features of the experiment, like detector mass and
acceptance. Since the νN interaction cross section grows almost linearly with energy, the de-
tector can be light and still collect a considerable sample of neutrino events; in the present
study it weighs less than 3 tons. The detector is positioned off the beam axis, slightly above the
ideal prolongation of the LHC beam from the straight section, covering 7.4 < η < 9.2. In this
configuration, the flux at high energies (0.5-1.5 TeV and beyond) is found to be dominated by
neutrinos originating directly from IP1, mostly from charm decays, of which≈50% are electron
neutrinos and ≈5% are tau neutrinos. The contribution of pion and kaon decays to the muon
neutrino flux is studied by means of simulations that embed the LHC optics and found small
at high energies.
The above studies indicate that with 150 fb−1 of delivered LHC luminosity in Run 3 the exper-
iment can record a few thousand very high energy neutrino charged current interactions and
over 50 tau neutrino charged current events.
ar
X
iv
:2
00
4.
07
82
8v
1 
 [h
ep
-ex
]  
16
 A
pr
 20
20
Contents
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
2 Detector Location . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
3 Experiment Generalities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
4 Neutrino Flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
5 Predicted Numbers of Events . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
6 Summary and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
i
1 Introduction
Intense fluxes of neutrinos of all flavours are produced in collisions of the LHC proton beams
at the IP1 and IP5 Interaction Points, respectively hosting the ATLAS and the CMS detectors.
At large pseudorapidities η, neutrinos attain TeV energies, a new domain much beyond the
energy of available neutrino data from laboratory experiments [1, 2]. At very high energy,
astrophysical measurements exist [3], with limited amounts of data.
LHC offers a unique opportunity for probing neutrino physics for Eν larger than 300 GeV and
up to a few TeV. Tau flavour neutrinos are especially interesting, since there are hints of devi-
ations from the Standard Model in the third generation, in the measurement of the W decay
branching ratio to τ at LEP [4] and in measurements of the semileptonic decays of B to D and
D∗ [5].
In a previous paper we investigated the feasibility of a neutrino experiment at the LHC [1]. We
focused on high energy neutrinos in two η ranges (Figure 1):
• 4 < η < 5: high energy neutrinos are produced in leptonic W decays; about 33% tau
neutrinos
• 6.5 < η < 9.5: neutrinos from c and b decays; about 5% tau neutrinos, mostly from
Ds decays.
Four potential sites were identified and studied on the basis of (a) expectations for neutrino
interaction rates, flavour composition and energy spectrum, (b) predicted backgrounds and in-
situ measurements, performed with a nuclear emulsion detector and radiation monitors. One
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Figure 1: Scatter plots of neutrino energy versus pseudorapidity η in pp collision events [1].
Events generated with PYTHIA [6]. Top: neutrinos from leptonic and hadronic W decays.
Bottom: neutrinos from b and c decays.
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of the locations appeared to qualify for hosting a neutrino experiment. It lies at 480 m from the
ATLAS IP, where the cavern of the TI18 tunnel intercepts the prolongation of the beam axis,
after the beginning of the LHC arc. That tunnel, now in disuse, was employed to inject electron
beams in LEP. A small mass detector located there can observe neutrinos from the IP within
polar angles < 2.5 mrad. A similar tunnel (TI12) exists at the opposite end of ATLAS. No such
tunnels are present near the CMS IP.
In this paper we investigate global features and physics reach of an experiment located in TI18,
with acceptance in 7.4 < η < 9.2 and a mass of < 3 tons, to take data during the LHC Run 3.
Simulations are performed using PYTHIA version 8 [6] and the LHC FLUKA package of CERN
EN-STI [7–10], with embedded LHC optics. For simplicity we assume that the detector is totally
passive, made of emulsions and lead absorbers, as used for our tests. However, the presented
arguments apply to any detectors with similar mass and acceptance. Focus is on characteristics
of the neutrino flux within acceptance, separating neutrinos produced during the pp collisions
and those originating later in pion and kaon decays. Event rate expectations are calculated
by neutrino flavour and take into account only the detector mass; matters related to neutrino
identification are detector specific and are not discussed.
2 Detector Location
A first requirement for the experiment feasibility is a location in which particles coming directly
from the IP are screened off, except for muons and neutrinos, by rock, or by the absorbers that
protect experimental areas and LHC components. A second requirement is that the local back-
grounds from secondary interactions in collimators, beam pipe and other machine elements
are low. Intensity and composition of these machine induced backgrounds vary rapidly along
the LHC, however they are well predicted by simulations performed with FLUKA, as extensive
in-situ measurements have proven [1, 11, 12].
In reference [1] we studied four locations (named VN, N, F, VF in Figures 2 and 3) as potential
hosts for a neutrino experiment: the CMS inner triplet region (25 m from CMS IP), UJ53 and
UJ57 (90 and 120 m from CMS IP), RR53 and RR57 (240 m from CMS IP), TI18 (480 m from
ATLAS IP).
Nuclear emulsions, packaged in stacks with layers of lead as in the OPERA detector [? ], were
used in our tests because they do not require an infrastructure for detector services, and do
not disturb the LHC magnets or other machine elements. The charged hadron fluence was
independently measured also with CERN Radiation Monitors [13, 14], which complemented
Figure 2: View of the VN (Q1 magnet), N (UJ53 hall), and F (RR53 hall) test locations showing
their positions and distances from IP5, along the CMS LHC straight section [1].
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the emulsion package in the background tests. The emulsions were protected from thermal
neutrons by several cm thick layer of borated polyethylene.
In the three sites tested near IP5 (CMS) (Figure 2) the muon fluence ranged from 1 to 6 ×105
/cm2/fb−1 in F and VN respectively, the measured charged hadron fluence was about 106−107
/cm2/fb−1, and the thermal neutron fluence was 107−108 /cm2/fb−1 in the best location (F)
[1]. The measurements were on average in agreement with the predictions of the LHC machine
simulations [12].
The VF site only exists near the IP1 (ATLAS) region (Figure 3). It exploits the decommissioned
LEP injection tunnel TI18. Survey measurements were performed by the CERN engineering
and survey groups, and were made available to us [15]. The cavern of the TI18 tunnel (Figure 4)
intercepts the prolongation of the beam axis, named Line of Sight (LoS), at about 480 meters
from the ATLAS IP, at the beginning of the collider’s arc, downstream of the first bending
dipoles. The background levels in VF are at least an order of magnitude lower than in the best
location (F) near CMS.
The muon flux from cosmic rays in TI18 is low. The cavern is 80.6 meters underground. The
flux can be evaluated from reference [16], considering a standard rock density of 2.65 g/cm3;
without restricting the direction of impact on the emulsions, we estimate an upper limit of
30 tracks/cm2/day. In average during Run 2, a few days were needed for the LHC to deliver
1 fb−1 of luminosity.
In summary, the VF location in the TI18 tunnel qualified as a suitable host for a neutrino ex-
periment. Energetic charged particles are deviated by the LHC arc optics and do not reach the
detector; the beam LoS from IP1 traverses about 100 meters of rock before crossing the TI18
cavern. However, the useful space is restricted in length to a few meters and the floor is on a
slope that lies higher than the LoS from a minimum of 5 cm growing in steps up to 50 cm: these
are limitations for a standard massive neutrino detector, but not in this case, as shown in the
following.
3 Experiment Generalities
In order to maximize the amount of tau neutrinos, the detector acceptance should favour the
contribution from b and c decays. Figure 5 shows the polar angle distribution of neutrinos from
Figure 3: View of the VF location showing its position and distance from IP1. The Prolongation
of the Beam Axis (PBA) of the ATLAS LHC straight section intercepts the cavern of the TI18
tunnel after the beginning of the LHC arc [1]. PBA is also called Line of Sight (LoS).
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b and c decays; about 5% of those are tau neutrinos: a configuration with the detector slightly
off the beam axis, although very close to it, is favoured.
The νN cross section grows rapidly with the neutrino energy, linearly from 10 GeV to a few
hundred GeV [2]. Therefore, at high energy the detector can be light, featuring a mass of a few
tons, and still collect a considerable sample of neutrino interactions [1]; the energy spectrum of
the observed events will be hard, because the higher energy neutrinos have larger interaction
cross sections. If lead is used as target, the detector becomes very compact: 1 ton of lead is a
block of 1 meter length and 30x30 cm2 cross section.
Most neutrino experiments designed for tagging tau neutrino interactions embedded nuclear
emulsions in their detectors [17? , 18]. Emulsions are efficient for reconstructing the vertex of
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tau decays. The OPERA experiment [? ] used a modular design: emulsions interleaved with
thin layers of lead, packed together into a brick. An OPERA brick is 128 mm wide, 104 mm
high, and 78 mm thick, with 56 mm lead; it weighs 8.3 kg. A 1 ton detector requires 120 such
bricks.
Thus for the sake of the present studies, we will assume our detector consisting of lead-emulsion
layers subdivided in OPERA-like bricks. Of course there are, in reality, important detector per-
formance limitations, which are briefly recalled in the following, but they do not affect the
arguments exposed in this paper, which apply to any detectors with similar mass and η accep-
tance.
In our background tests [1], it was measured that emulsions could stand 107 tracks/cm2. How-
ever, the track extrapolation between emulsions across a lead layer becomes more complex
when the track density is high; a level of 105 tracks/cm2 is regarded as a good condition. Thus,
given the background estimates in TI18, it is essential that emulsion exposure does not exceed
30 fb−1. In view of the luminosity that LHC is expected to deliver during Run 3, it means
replacement of the bricks a few times per year.
Emulsion layers in an OPERA brick are uniformly spaced: a one millimiter lead sheet separates
two consecutive layers, for a total of 56 layers. The brick thickness is short for reconstructing
with high efficiency a decay vertex of a tau with TeV energy. The expected decay length of a tau
lepton is a few centimeters, much longer than in the OPERA case, suggesting that the structure
should be extended to include at least 200 layers. Besides, a TeV electron shower has a 95%
energy containement length of 22 cm, about 4 OPERA bricks, as observed in Figure 6, showing
hundred charged current (CC) interactions of electron neutrinos with energies from 0.2 to 1.2
TeV, simulated with FLUKA [7, 8] in a structure like an OPERA brick but repeated ten times in
depth (Z).
The emulsion stacks are very good for reconstructing the vertex of a neutrino interaction, but
they cannot easily provide a measurement of the neutrino energy. On an event by event ba-
sis the neutrino energy can be estimated using the methods developed in OPERA and other
5
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emulsion based detectors, which for instance exploit the correlation between track multiplicity
and neutrino energy [19–21]. The achievable resolution depends on the brick structure; a res-
olution of 50% in the 0.1-1 TeV energy range seems realistic. However, also kinematics can be
exploited: in the regime of longitudinal momentum pL much larger than transverse momen-
tum pT, the pseudorapidity of particles emerging from the IP is proportional to the logarithm
of the energy, a relation smeared by the particle pT distribution. Different η ranges have differ-
ent average energy, as seen in Figure 7. The log(Eν) versus η scatter plot can also be useful for
defining a fiducial phase space so to reject obvious outliers.
In the following we study a design with two detectors made of OPERA-like bricks, of ≈1 ton
each,≈1 m thick. They cover different η ranges, to be optimised for high energy and tau flavour
neutrinos. We do not aim for high resolution in energy, but rather for having two independent
energy bins, one for each detector.
4 Neutrino Flux
PYTHIA [6] was used to simulate proton-proton collision events at
√
s = 13 TeV and to esti-
mate the neutrino flux in TI18. At high energy most of the flux originates from c (≈92%) and
b (≈8%) decays; about 5% of the neutrinos are of the tau flavour, originating in Ds → τντ de-
cays and in the subsequent τ decays. Neutrinos from pion decays pointing towards TI18 are
predicted to have mostly low energies. The γcτ of a pion exceeds 500 m already at 10 GeV, and
it reaches 5 km at 100 GeV. Therefore most high energy pions are deviated by the LHC optics
and interact in the LHC beam pipe or in the rock before they can decay. Neutrinos from kaon
decays pointing towards TI18 can have higher energies, since the γcτ for a 100 GeV kaon is
about 740 m, however the kaon/pion production rate ratio is only about 11%.
PYTHIA was tested in depth by the LHC experiments; it reproduces the features of proton-
proton interactions with good accuracy. Measurements of charged particle production in the
6
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forward direction were performed by LHCb [22] in the pseudorapidity range 2.0 < η < 4.5,
and by TOTEM [23] in 5.3 < η < 6.5, and found in reasonable agreement with PYTHIA
expectations. However, no experimental crosschecks exist for the very forward η range that
our detector subtends. We explored several possibilities for benchmarking our findings with
PYTHIA.
Previous calculations of neutrino flux and CC event rates for a similar experiment were per-
formed by A. De Ru`jula, E. Fernandez and J.J. Go`mez-Cadenas [24] (1993) and by H. Park
[25] (2011). De Ru`jula et al. made an analytical calculation using two variants of a non-
perturbative QCD model (Quark Gluon String Model), which had large uncertainties in pre-
dicting the transverse momentum distribution for the produced hadrons. Park used a PYTHIA
generator version 6 with parameter set tuned to Tevatron data and very early LHC data, and a
lower Ds production cross section. The detector was assumed to be on the beam LoS, and the
calculation shows a peak for low energy muon neutrinos very close to the beam axis (η > 9).
Although these neutrinos are mostly outside our detector acceptance, their exact distribution at
about 500 m from the IP critically depends on the transport of the parent pion/kaon along the
LHC optics. We conclude that neither calculations can be used for benchmarking our PYTHIA
predictions.
A study of the expected flux in TI18 very close the beam LoS (within 10 cm around it, i.e.
η > 9.1 ) was presented in a recent paper by the FASER collaboration [26], but it is not directly
applicable to our detector, which covers a different η range.
Finally a good test was provided by the CERN FLUKA team in the EN-STI group that carried
out a thorough study deploying an independent event generator with state-of-the-art LHC
optics emulation. Proton-proton collisions were generated with FLUKA using the embedded
DPMJET event generator, which describes particle production in pp minimum-bias events, in-
cluding charm production; then pions and kaons, before decaying, were transported through
LHC elements and environment material up to TI18 [7–10]. Information was stored separately
for neutrinos and antineutrinos, and by flavour. Figure 8 shows the predicted fluence in η
versus energy, for the pseudorapidity range under consideration, for muon and electron neu-
trinos, in 1 fb−1. Electron neutrinos show the η vs ln(E) dependence of particles from the IP as
in Figure 7. The distribution falls very rapidly at very large η and it becomes inconvenient to
7
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Figure 8: Scatter plots of neutrino pseudorapidity η versus energy. Events were generated with
FLUKA using the embedded DPMJET event generator, and LHC simulation; both pion/kaon
decays and charm production were included. Top: muon neutrinos. Bottom: electron neutri-
nos.
move closer to the beam LoS. In the following we split the study in two pseudorapidity regions:
7.4 < η < 8.1, 8.0 < η < 9.2.
In Figure 9 neutrino energy distributions are plotted for the radial distance 30 < R < 60 cm
from the beam axis in TI18, corresponding to 7.4 < η < 8.1, separately according to whether
neutrinos originated from pion/kaon decays or not. The plots are consistent with the expec-
tations that electron neutrinos and high energy muon neutrinos do not come from pion/kaon
decays. In Figure 9 the flux of muon and electron neutrinos from charm production in LHC
pp collisions predicted with PYTHIA is also shown; the absolute normalisatioin of the calcu-
lated flux is in excellent agreement with the DPMJET νe prediction, and it confirms that electron
neutrinos originate from charm. In addition the agreement between the shapes of the distribu-
tions is impressive when considering the different approach in pT generation between PYTHIA
(heavy quark c and b production) and DPMJET (pp minimum bias). In Figure 10 the study is
repeated for the radial distance 10 < R < 30 cm from the beam axis in TI18, corresponding to
8
8.0 < η < 9.2, with similar conclusions.
Tau neutrinos are produced in Ds → τντ decays and in the subsequent τ decays. Since the
chosen η range has shown high sensitivity to charm decays, we do expect this slightly off-beam-
axis configuration to be favourable for tau neutrinos. Figure 11 shows the η versus energy
scatter plot and the energy distribution for tau neutrinos in pp collision events generated with
DPMJET/FLUKA and with PYTHIA. They confirm the expectations. The flux calculations
are normalised to 1 fb−1. Note that the two intensity bands in the η vs ln(E) scatter plot are
predicted from kinematics: neutrinos from Ds decays have little pT since the mass difference
MDs −Mτ is small (191 MeV) and they populate the band at lower E; the other band is due to
neutrinos from τ decays which do have a larger average pT (≈592 MeV in three body decays).
In summary, the simulations performed using both PYTHIA and DPMJET agree in showing
that a detector acceptance slightly off beam axis, in the 7.4 < η < 9.2 range, is favorable for
looking at high energy neutrinos from charm production in pp collisions and consequently for
observing tau neutrinos. The state-of-the-art LHC optics emulation with FLUKA shows that
this physics potential is not spoiled by the flux of muon neutrinos from pion and kaon decays
which is concentrated at lower energies.
9
104
105
106
107
108
109
	200 	400 	600 	800 	1000 	1200 	1400 	1600 	1800 	2000
dN
/dE
	[G
eV
-1 /
fb-
1 ]
E	[GeV]
Muon	neutrinos	30-60	cm
all
other	than	from	charged	pions/kaons
104
105
106
107
108
109
	200 	400 	600 	800 	1000 	1200 	1400 	1600 	1800 	2000
dN
/dE
	[G
eV
-1 /
fb-
1 ]
E	[GeV]
Electron	neutrinos	30-60	cm
all
other	than	from	charged	pions/kaons
0 200 400 600 800 1000 1200 1400 1600 1800 2000
510
610
710
810
910
----- muon neutrino
---- electron neutrino
Pythia 
E [GeV]
dN
/dE
 [ f
b/G
eV
 ]
PYTHIA
104
105
106
107
108
109
	200 	400 	600 	800 	1000 	1200 	1400 	1600 	1800 	2000
dN
/d
E	
[G
eV
-1
/fb
-1
]
E	[ eV]
Electron	neutrinos	30-60	cm
all
other	than	from	charged	pions/kaons
DPMJET
0 200 400 600 800 1000 1200 1400 1600 1800 2000
510
610
710
810
910
----- muon neutrino
---- electron neutrino
Pythia 
E [GeV]
dN
/dE
 [ f
b/G
eV
 ]
PYTHIA
PYTHIA
Figure 9: Predicted fluxes of neutrinos for the radial distance 30 < R < 60 cm from the beam
axis in TI18 (7.4 < η < 8.1). Top: muon neutrinos from DPMJET (Dual Parton Model, including
charm) and LHC simulation. Middle: electron neutrinos from DPMJET and LHC simulation.
Bottom: muon and electron neutrinos from PYTHIA superimposed to DPMJET.
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5 Predicted Numbers of Events
In the following we will consider two independent detectors as shown in Figure 12, subtending
two different η ranges as discussed in Section 3. The studies are based on large samples of
simulated pp collisions: 10 M PYTHIA events of heavy hadron (c and b) production, 50 M
DPMJET/FLUKA minimum bias events (extended to 400 M for the tau neutrino predictions).
A 3D view of a compact detector ( B2 ) that subtends the pseudorapidity range 8.0 < η < 9.2
is shown in Figure 12 top. It consists of 108 OPERA bricks (3x2x18, 1.4 m long) and weighs
0.9 tons. The B2 detector is positioned 108 mm above the LoS: the beam axis in TI18 is centred
high above the LoS by 57.6 mm, since the proton beams in IP1 cross vertically with a half-
angle of 120 microradians. We expect that during Run 3 the crossing half-angles in IP1 will
change in the same range as during 2018. That means that during fills the angles will go from
160 down to 120 microradians, corresponding to 76.8 mm and 57.6 mm of LoS displacement
at TI18 respectively. A second detector ( B1 ) is placed further uphill in TI18, towards IP1.
Figure 12 shows an implementation with 168 OPERA bricks (14 bricks thick). Space allows for
doubling the azimuthal acceptance. It has acceptance for 7.4 < η < 8.1 and weighs 1.4 tons.
Inversion from upwards to downwards of the LHC beam crossing at the ATLAS IP during
Run 3 will modify the detector acceptance. It will shift to 7.7 < η < 8.4 in B2 and to 7.2 <
η < 7.8 in B1. This slight change does not substantially modify the nature of the neutrino
flux already discussed in Section 4. The event rate will reduce by ≈20%. It is foreseen that
about half of the luminosity will be delivered in each configuration. Run 3 was extended to
include 2024 and it is expected to integrate more than 150 fb−1 and possibly as much as 200-
250 fb−1. In the following, the calculated event numbers are relative to 150 fb−1 with upward
beam crossing.
Simulations of proton-proton interactions at 13 TeV were performed with PYTHIA. An event
by event weight was applied for properly taking into account the νN CC interaction cross
section dependence on energy and on neutrino flavour [2, 27]. Table 1 summarizes the expected
numbers and characteristics of the CC events for the detector configuration shown in Figure 12.
The predicted energy spectra of neutrino CC events in both the B1 and B2 detectors are shown
in Figure 13. The spectrum is biased towards high energies, since the νN cross section grows
rapidly with neutrino energy.
Calculation with PYTHIA accounts for the contribution from decays of heavy quarks (c and b).
Table 1: Neutrino CC event rate expectations for a detector configuration as shown in Figure 12
for an LHC luminosity of 150 fb−1. B1 (1.4 tons) and B2 (0.9 tons) acceptances subtend 7.4 <
η < 8.1 and 8.0 < η < 9.2 respectively. Neutrino flux from c and b decays calculated with
PYTHIA.
B1 B2 B1+B2 2xB1+B2
integral ν fluence 4.6×1011 3.4×1011 0.8×1012 1.3×1012
all ν events 490 852 1342 1832
tau flavour ν events 26 25 51 77
η range 7.4-8.1 8.0-9.2
average Eν (RMS) GeV 700(400) 1200(600)
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Figure 12: A possible architecture of the B2 and B1 detectors; the numbering refers to the dis-
tance to the IP: B1 is closer. Top: 3D view of B2 [15]. Bottom left: top view of B1 and B2; D is the
height of the the LoS with respect to the TI18 cavern floor, measured in different points. Bottom
right: section view of B1 and B2 showing their radial distance in cm from the beam axis, which
is taken as 57.6 mm above the LoS.
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Table 2: Expectations for neutrino CC event rate and average energy, calculated with DPM-
JET/FLUKA event generator and the simulation of the LHC magnetic optics, for an LHC lumi-
nosity of 150 fb−1. Detector B1 (1.4 tons) and B2 (0.9 tons) acceptances subtend 7.4 < η < 8.1
and 8.0 < η < 9.2 respectively.
B1 B2
all exclude all exclude
ch. pi,K ch. pi,K
µ flavour ν events 929 267 1516 538
e flavour ν events 302 292 616 598
τ flavour ν events 16 16 28 28
all ν events 1247 575 2160 1164
average Eν (RMS) GeV
µ flavour ν events 385(400) 535(315) 740(685) 1145(710)
e flavour ν events 560(350) 1165(715)
τ flavour ν events 630(370) 1095(720)
The additional contribution of pion and kaon decays was studied by the CERN FLUKA team of
EN-STI using DPMJET. Charged pion and kaons are transported along the LHC straight section
and through the LHC magnetic optics until they decay. The DPMJET minimum bias event
generator also includes charm. The same detector response function is used as for PYTHIA
calculations. The results are shown in Table 2.
The predictions for electron and tau neutrino rates of PYTHIA and DPMJET/FLUKA are in
good agreement, and their spectra are consistent. The νe and ντ events in the B1 and B2 de-
tectors probe charm production and neutrino physics in two rather independent energy bins.
For muon neutrinos, PYTHIA and DPMJET compare well, when neutrinos from pion and kaon
decays, which populate the lower energy part of the spectrum in DPMJET, are excluded. Fig-
Figure 13: PYTHIA predicted energy spectra of neutrinos from charm and bottom decays in-
teracting in the B1 and B2 detectors.
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ure 14 shows the DPMJET predicted energy spectra of electron and muon neutrino CC events
in the two pseudorapidity ranges under consideration.
The detailed calculations on pion and kaon transportation along the LHC optics and their decay
also provide an estimate of the muon flux in TI18 ( Figure 15). In the region occupied by B1 and
B2 it is expected that 103-104 muons/cm2 in 1 fb−1 of LHC luminosity will be recorded: they
provide an excellent tool for aligning the detector emulsion layers.
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Figure 14: DPMJET/FLUKA predicted energy spectra of neutrinos interacting in the B1 (30-60
cm radially out from beam axis) and B2 (10-30 cm radially out) detectors.
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Figure 15: Muon flux in TI18 calculated with DPMJET/FLUKA and the simulation of the LHC
magnetic optics. The pictures show a slice of the TI18 cavern, 485 m from IP1. The origin (0,0)
is set on the LoS. Dimensions are centimeters. The black lines delimit the tunnel wall.
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6 Summary and Outlook
This work complements a previous paper [1] that discussed the phyics potential of a neutrino
experiment at the LHC, and identified a favorable site. The requirements were: high flux of
TeV neutrinos; sizeable contribution of tau neutrinos; low machine backgrounds. It suggested
that a detector could be positioned in the cavern of the TI18 (or TI12) tunnel that intercepts the
LHC after the beginning of the arc, ≈480 m from the ATLAS IP.
In this paper, global features and physics reach of such an experiment located in TI18 are inves-
tigated. For simplicity the studies are based on a detector that introduces minimal perturbation
in the LHC: it consists of layers of lead and emulsions, no magnetic field, no active electronics
components. However, the results apply to any detectors with similar mass and similar η ac-
ceptance. Our conceptual detector has a total mass in the range 2.3-3.7 tons, covers the angular
acceptance 7.4 < η < 9.2 and takes data during the LHC Run 3, integrating a luminosity of
150 fb−1.
Because the neutrino-nucleon interaction cross section grows with energy, a low target mass
can be used, and consequently the spectrum of observed neutrinos is biased towards higher
energies.
The detector position, which is slightly off the LHC beam Line-of-Sight, is optimised for neu-
trinos originating at the IP. In this η range most high energy neutrinos are from c (≈92%) and
b (≈8%) decays; about 5% of the neutrinos are of the tau flavour, from Ds → τντ decays and
subsequent τ decays. Additional muon neutrinos from pion and kaon decays are mostly at
lower energies.
Simulations are performed using PYTHIA [6] and DPMJET/FLUKA [7–10]. The FLUKA set-up
used by the CERN EN-STI team allows for tracking charged pions and kaons along the LHC
machine until they decay. The integral neutrino fluence on the detector is estimated to exceed
1012 neutrinos in 150 fb−1.
The η acceptance is split into two regions, 7.4 < η < 8.1 (B1) and 8.0 < η < 9.2 (B2), which
have slightly different kinematics constraints and neutrino flux compositions, and are indepen-
dently studied. Electron neutrinos are shown to originate at the IP, mainly from charm; their
behaviour is consistent with kinematics predictions. Their flux and spectra are in excellent
agreement between PYTHIA and DPMJET, in both η ranges. Similar results hold for tau neu-
trinos. Muon neutrinos at high energy are originating at the IP from charm and their spectrum
is consistent with that of electron neutrinos, while at low energy the muon neutrino spectrum
is dominated by pion and kaon decays.
Assuming masses of 1.4 tons and 0.9 tons for the B1 and the B2 detector respectively, consistent
with the available space in the TI18 cavern, it is shown that the experiment can collect a few
thousand high energy electron and muon neutrino CC interactions, and over 50 tau neutrino
CC events, in 150 fb−1 of delivered LHC luminosity. The average energies are ≈600 GeV in
B1 and ≈1.1 TeV in B2 , with large RMS of ≈0.5 TeV. These can be used for a first look at
untested physics domains, as in charm production in proton-proton collisions or in νN TeV
interactions. At HL-LHC such an experiment can collect ten times more events, but it will
need active detectors and adequate infrastructures, and it could inspire a new class of neutrino
experiments at future very high energy colliders.
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